Mycoplasma mobile is a bacterium that uses a unique mechanism to glide on solid 23 surfaces at a velocity of up to 4.5 µm/s. Its gliding machinery comprises hundreds of 24 units that generate the force for gliding based on the energy derived from ATP; the units 25 catch and pull on sialylated oligosaccharides fixed to solid surfaces. In the present 26 study, we measured the stall force of wild-type and mutant strains of M. mobile carrying 27 a bead manipulated using optical tweezers. The strains that had been enhanced for 28 binding exhibited weaker stall forces than the wild-type strain, indicating that stall force 29 is related to force generation rather than to binding. The stall force of the wild-type 30 strain decreased linearly from 113 to 19 pN following the addition of 0-0.5 mM free 31 sialyllactose (a sialylated oligosaccharide), with a decrease in the number of working 32 units. Following the addition of 0.5 mM sialyllactose, the cells carrying a bead loaded 33 using optical tweezers exhibited stepwise movements with force increments. The 34 force increments ranged from 1 to 2 pN. Considering the 70-nm step size, this small 35 unit force may be explained by the large gear ratio involved in the M. mobile gliding 36 machinery. 37 38 SIGNIFICANCE 39 Mycoplasma is a genus of bacteria that parasitizes animals. Dozens of Mycoplasma 40 species glide over the tissues of their hosts during infection. The gliding machinery of 41
INTRODUCTION
using a MiSeq sequencer. The genome of the gli521 (P476R) mutant has been 118 sequenced for a 30,469-bp DNA region encoding four open reading frames (ORFs): 119 gli123, gli349, gli521, and gli42. However, the other regions remain unknown (21) . 120 The genome sequencing result for the gli521 (P476R) mutant was consistent with the 121 previous report of the mutation in gli521 (21), and showed additional mutations in other 122 regions ( Table S1 ). One of the additional mutations causes an amino acid substitution 123 in MvspB, a surface protein (23, 36-39). However, the reduced stall force should be 124 caused by the mutation in Gli521, because MvspB accounts for only 1.2% of the mass 125 of all the surface proteins, and the antibody against an abundant and closely related 126 protein, MvspI, did not influence the gliding motility (23, 39). The genomes of the 127 m6, m14, m27, m29, and m34 strains have not been sequenced yet, and we identified 128 various mutations in the present study. We suggest that the decrease in the stall force 129 in the m27 strain in the present study was caused by the mutation in gli521. All the 130 strains had the same single amino acid substitution (serine to isoleucine) as the 354th 131 residue in MMOB1700, a homolog of ABC transporter permease based on a Basic 132 Local Alignment Search Tool (BLAST) search. This mutation may have been derived 133 from a substitution that occurred on the clone used for the reported genome sequencing, 134 because it was derived from the same origin (ATCC 43663) as the present study (36) . 135 Interestingly, MMOB1700 exhibited 5 other mutations in the 10 strains analyzed, 136 suggesting a special mechanism that causes a high rate of mutation in this gene. Next, 137 we sequenced the genomes of nonbinding strains m12, m13, and m23, which have 138 mutations in gli123, gli349, and gli349, respectively (12, 15, 16, 35) . Genome 139 sequencing revealed that the identified mutations were consistent with a previous report 140 (35), although additional mutations were identified in other regions.
142
Binding and gliding of various strains. To systematically clarify the relationship 143 between the features and mutation in the genome, we examined the binding activities 144 and the gliding speeds for the wild-type, gli521 (P476R), m6, m14, m27, m29, and m34 145 mutants, which can glide. The cell suspensions were adjusted to the same optical 146 density and inserted into a tunnel chamber. After 15 min, we videoed the cells to 147 count the numbers on the glass for the bound-cell ratio, and to determine their gliding 148 speed, as previously reported (Fig. 3A) (29, 35, 40) . The binding activities and the 149 6 gliding speeds were averaged for 20 independent images and 100 cells, respectively.
150
The binding activity and gliding speed of the gli521 (P476R) mutant were consistent 151 with those reported in the previous study (35). Other strains have not been analyzed 152 by the method used here. The characteristics of the binding activities allowed 153 classification of the strains into three groups (Fig. 3B left) : (i) m6 had 44% of the 154 activity of the wild-type strain; (ii) m14, m27, and m29 had 80%, 92%, and 73% of the 155 activity, respectively; and (iii) the gli521 (P476R) and m34 mutants had 159% and 156 145% of the activity of the wild-type strain, respectively. We compared these data to 157 the binding activities previously estimated from hemadsorption, the adsorption of 158 erythrocytes onto the surface of colonies (12). The hemadsorption values of m6, m14, 159 m27, m29, and m34 were 24%, 93%, 113%, 96%, and 122%, respectively; i.e., except 160 for m27, they were consistent with the results of the analyses in the present study. The 161 gliding speed of the wild-type strain was 3.7 ± 0.2 µm/s and the relative gliding speeds 162 of the mutants ranged from 80% to 103% of the wild-type strain, showing that the 163 gliding speeds differed less than the binding activities ( Fig. 3B right) . Of the strains 164 enhanced for binding, the gli521 (P476R) and m34 mutants had reduced stall forces, 165 suggesting that stall force is not determined simply by binding activity. 166 Interestingly, we noticed that the proportions of the nongliding bound cells were much 167 higher in the m6, m14, m27, and m29 strains than in the wild-type strain. The 168 proportion of nongliding cells in the cells on glass was 6% for the wild-type strain, as 169 previously reported (40), but those for the m6, m27, and m29 strains were higher (18%, 170 19%, and 16%, respectively), and that of the m14 strain was much higher (62%) ( Fig. 171 S1). This observation can be explained by assuming that gliding can be achieved by 172 the concerted action of many molecules and interactions. reach the stall increased with the concentration of free SL. The stall force decreased 182 from 113 to 19 pN following the addition of up to 0.50 mM free SL ( Fig. 4A and B) . 183 These results suggest that the stall force is the sum of the pulling force of many units.
185
To detect the pulling force attributable to smaller numbers of units, we reduced the laser 186 power of the optical tweezers to achieve a higher trace resolution. In this experiment, 187 we applied 0.25 mM SL with a reduction of the trap stiffness of the optical tweezers 188 from 0.5-0.7 to 0.1 pN/nm, whereby the trapped cells were able to escape from the trap 189 center, and then measured the force under these conditions. The force increments with 190 repeated small peaks were detected, and the peaks were measured using a peak-finding 191 algorithm, as summarized in Fig. 5A . The distribution of these increments was 192 determined by fitting the sum of four Gaussian curves whose peaks were positioned at 193 1.1, 2.0, 3.2, and 4.4 pN (Fig. 5B ). The peaks were positioned at twice, three, and four 194 times the value of the first peak, suggesting that these peaks reflect single, double, 195 triple, and quadruple the minimum force increment (42). In the same way, the 196 individual increments were analyzed for the gli521 (P476R) mutant, and were also 197 determined by fitting the sum of four Gaussian curves whose peaks were positioned at 198 0.9, 1.8, 2.6, and 3.5 pN ( Fig. 5B ).
200
Stepwise force increments. Because the force increments were detected for limited 201 leg numbers, it was possible to derive the force increments from the force generated by 202 a single leg or a minimum force generation unit. Next, we added 0.50 mM SL to limit 203 the number of working legs, and reduced the trap stiffness to 0.06-0.07 pN/nm to detect 204 the minimum force increments more precisely. Very small ratios of cells remained on 205 the glass surface under these conditions, and we attached a bead to the cells using the 206 optical tweezers. Displacements were detected in 51 of 63 cells. Eight cells glided 207 by creeping displacements with occasional discontinuous increments, which were 208 mostly stepwise ( Fig. 6A ) and sometimes exhibited small peaks, as shown in Figure 5 . 209 Three cells exhibited force increments with more than six continuous steps ( Fig. 6B and   210 Movie S2). The average value of the force increments from 46 steps or peaks in 11 211 cell trajectories was 1.45 ± 0.44 pN (Fig. 6C ). These results suggest that the minimum 212 force increment was 1-2 pN, which should be the minimum unit force for gliding. probably not involved in gliding, as described above (23). SecY is generally essential 223 for protein secretion in bacteria (44). The substitution in SecY probably affects the 224 secretion of gliding proteins, resulting in a reduction in the binding activity of cells, 225 because the amino acid substituted in the mutant is conserved in many mycoplasmas, 226 including Mycoplasma hominis, Mycoplasma bovis, and M. pulmonis. The m14 strain 227 was characterized by reduced binding and gliding, and its glucokinase, which 228 phosphorylates glucose to glucose-6-phosphate at the first step of glycolysis, has an 229 amino acid substitution (45). Interestingly, the m14 colony was less well dispersed 230 than the wild-type colony, suggesting that glucokinase is related to gliding including 231 chemotaxis, because colony shape is largely influenced by motility in many bacteria 232 (12). The m27 strain, which was characterized by a small proportion of gliding cells, 233 has a substitution at the 1461st amino acid of a total 4727 amino acids in the coded 234 Gli521 protein, suggesting that the structure around this position is indispensable for 235 gliding. The m34 strain was characterized by enhanced binding, and has a substitution The stall force decreased with the addition of free SL (Fig. 4) . This observation 243 suggests that the legs repeatedly catch, pull, and release SOs, even in the stalled state 244 (Fig. 7) , because the force under free SOs should increase to the stall force in the 245 9 absence of SOs if the legs do not detach in stall. In our gliding model, it was 246 suggested that the legs detach as a result of the tension caused by continuous cell 247 displacement in gliding (14, 28, 41). The putative detachment in the stall may suggest 248 that directed detachment occurs with much shorter displacement than expected from a 249 95-nm long leg structure, because the detachment also occurs in the stall. This 250 assumption can explain the observation that the gli521 (P476R) and m34 mutants 251 exhibited a smaller stall force than the wild-type strain, although they had a higher ratio 252 of cells bound to the glass (Fig. 2 and 3) . The higher ratio of bound cells was probably 253 due to the reduced force required to detach the post-stroke legs.
255
Unit number of gliding machinery. The minimum force increment did not change 256 significantly with the distance from the laser. Because the force increments occurred 257 additionally to the previous ones, the gliding unit should have generated the same force 258 constantly over a rather long distance ranging from 0 to 200 nm (Fig. 6) .
259
In the present study, the stall force and the minimum force increments of a cell were 260 approximately 113 and 1.5 pN, respectively ( Fig. 2B and 6C) . Previously, the number to participate in force generation in the stalled state (Fig. 1B) . The friction occurring at 267 the interface between an M. mobile cell and water flow in the interlamellar of a carp gill 268 is calculated to be 34 pN for the maximum, based on Stokes' law (11, 47). This 269 number is three-fold smaller than the stall force of a cell, suggesting that a cell can glide 270 against water flow using the force generated by the simultaneous strokes of many legs. The minimum unit force calculated here (1-2 pN) suggests the gear effect in the gliding 281 machinery. Gli521, which is the force transmitter, forms a triskelion with 100-nm 282 arms (24), and Gli349, which is the leg, is shaped like an eighth note in musical notation 283 with a 50-nm flexible string (26, 55), suggesting that these proteins cause the lever 284 effects. 
